Forests store the largest terrestrial pools of carbon (C), helping to stabilize the global climate system, yet are threatened by climate change (CC) and associated air pollution (AP, highlighting ozone (O 3 ) and nitrogen oxides (NOx)). We adopt the perspective that CC-AP drivers and physiological impacts are universal, resulting in consistent stress responses of forest ecosystems across zonobiomes. Evidence supporting this viewpoint is presented from the literature on ecosystem gross/net primary productivity and water cycling. Responses to CC-AP are compared across evergreen/deciduous foliage types, discussing implications of nutrition and resource turnover at tree and ecosystem scales. The availability of data is extremely uneven across zonobiomes, yet unifying patterns of ecosystem response are discernable. Ecosystem warming results in trade-offs between respiration and biomass production, affecting high elevation forests more than in the lowland tropics and low-elevation temperate zone. Resilience to drought is modulated by tree size and species richness. Elevated O 3 tends to counteract stimulation by elevated carbon dioxide (CO 2 ). Biotic stress and genomic structure ultimately determine ecosystem responsiveness. Aggrading early-rather than mature late-successional communities respond to CO 2 enhancement, whereas O 3 affects North American and Eurasian tree species consistently under free-air fumigation. Insect herbivory is exacerbated by CC-AP in biome-specific ways. Rhizosphere responses reflect similar stand-level nutritional dynamics across zonobiomes, but are modulated by differences in tree-soil nutrient cycling between deciduous and evergreen systems, and natural versus anthropogenic nitrogen (N) oversupply. The hypothesis of consistency of forest responses to interacting CC-AP is supported by currently available data, establishing the precedent for a global network of long-term coordinated research sites across zonobiomes to simultaneously advance both bottom-up (e.g., mechanistic) and top-down (systems-level) understanding. This global, synthetic approach is needed because high biological plasticity and physiographic variation across individual ecosystems currently limit development of predictive models of forest responses to CC-AP. Integrated research on C and nutrient cycling, O 3 -vegetation interactions and water relations must target mechanisms' ecosystem responsiveness. Worldwide case studies must be subject to biostatistical exploration to elucidate overarching response patterns and synthesize the resulting empirical data through advanced modelling, in order to provide regionally coherent, yet globally integrated information in support of internationally coordinated decision-making and policy development.
This review focuses on the interaction of climate change (CC) and associated air pollution (AP) that is an intrinsic component (CC-AP, Fiore et al. 2012 , recognizing the prevalence of knowledge available from boreal/temperate compared with (sub-)tropical zonobiomes (Calfapietra et al. 2010) . Effects of rising carbon dioxide (CO 2 ), warming, drought and flooding, tropospheric ozone (O 3 ), and nitrogen (N) and phosphorus (P) fluxes are highlighted in this review, including their factorial interactions. Within the range of air pollutants, such as particulate matter, carbon monoxide (CO), sulphur oxides, lead and diverse photochemical oxidants and nitrogen oxides (NOx), we highlight O 3 and NOx, given their prominent, adverse capacity to influence vegetation (Schulze et al. 1989 , Aber et al. 1998 , Sitch et al. 2007 , Fowler et al. 2008 . Although N deposition has declined in some regions (Houle et al. 2015) , in others it is still a pressing problem (Bassirirad 2015) . Further, N impacts and accumulation in past decades are still an important driver of forest ecosystem development (Pretzsch et al. 2014c ). In particular, NOx largely is a catalyst in volatile organic compound (VOC)-fuelled O 3 formation, rather than a substrate (Atkinson 2000) , and still is present in many parts of the world in gas mixing ratios sufficient to catalyse ozone formation (Fowler et al. 2013 , Gurjar et al. 2016 .
The intent of this review is to elucidate the extent to which forest ecosystem responses to combined CC-AP are globally consistent, orienting the assessment across zonobiomes by prevalent foliage types. Zonobiomes are considered here as latitudinal transcontinental habitats dominated by forests under recent macro-climatic regimes (e.g., Chapin et al. 2012) . Do ecosystem consistencies in CC-AP response supercede zonobiomic influences? Is the available evidence of sufficient rigour to even address the question? In facing these questions, we review the literature from primarily long-term field-based studies, including experimentally enhanced free-air CO 2 /O 3 exposures.
Background Pan et al. (2011) assessed the global net C sink of forest ecosystems as 1.1 Gt year −1 over a 17-year period beginning in 1990, emphasizing the importance of the tree life form (Woodward et al. 2004 ). Gross C emissions from deforestation of~2.9 Gt C year -1 far exceed net C fixation, vividly illustrating the magnitude of anthropogenic pressure. As all trees share C3 photosynthetic physiology and are subject to similar evolutionary pressures, it is tempting to speculate that forest tree and ecosystem responses to CC-AP should be globally consistent, requiring that we briefly characterize these prominent ecological stressors.
Drivers of interrelated CC and AP
Carbon dioxide Anthropogenic CO 2 increase represents climate-reactive AP and fertilization to plants (Schlesinger and Bernhardt 2013) , unless C sink strength becomes limited (Körner 2003 (Körner , 2013 .
Warming, drought and flooding Increasing air temperature (+0.85°C globally since 1880, Hartmann et al. 2013 , Rohde et al. 2013 ) and lengthening growing seasons (e.g., Matyssek et al. 2007a ) promote drought (Mitchell et al. 1990 , Granier et al. 2007 or flooding depending on region (IPCC 2014) .
Tropospheric O 3 Above pre-industrial levels (Parrish et al. 2012) , O 3 is phytotoxic (Matyssek and Sandermann 2003, Ainsworth et al. 2012 ) and climate-reactive (Matyssek et al. 2013b , 2013c , Simpson et al. 2014 , arising from anthropogenic precursor emissions (NOx, CO, VOC; Stockwell et al. 1997) . 'Hot spots' of formation (including deforestation, Sitch et al. 2007 ) feed chronic O 3 enhancement across zonobiomes (Newell and Evans 2000, Koike et al. 2013 ), contributing to atmospheric C enrichment (50-100 Gt, Sitch et al. 2007 ) and perturbed water balances (Huntingford et al. 2011) due to leaflevel impacts and weakened C storage (Matyssek et al. , 2010b .
Nitrogen pollution Nitrogen pollution arises from industry, transportation and land-use practices through NOx, ammonia (NH 3 ), nitrate and climate-effective N 2 O releases (Galloway et al. 2004 , Bytnerowicz et al. 2013 , Kozovits and Bustamante 2013 . Nitrate, N 2 O and NO from forests under excess N deposition (Rennenberg et al. , 2009 ) are traceable to the Haber-Bosch process, which today equals biological N fixation (BNF). Although it may initially benefit plant C sink strength (cf. Pan et al. 2011) , excess N deposition promotes acidification, nutritional imbalances and forest decline (Schulze et al. 1989 , Aber et al. 1998 ).
Factorial effects Drought and flooding may both weaken photosynthesis and C storage, as does enhanced O 3 , although stomatal closure mediated either through water limitation or anoxia may decrease O 3 impacts (King et al. 2013a, Kreuzwieser and . Carbon storage can also be diminished by warming through enhanced CO 2 and VOC release (Wieser and Tausz 2007 . Similarly, atmospheric CO 2 enhancement may counteract or exacerbate O 3 stress (Matyssek et al. 2006 , Kubiske et al. 2007 . Finally, BNF is constrained globally due to the distribution of P availability, but also through tropical deforestation as a component of land-use change (Galloway et al. 2004) , with effects on the CO 2 and O 3 sensitivity of vegetation.
Having thus defined the major CC and AP stress factors, including interactive effects, we assess the extent to which consistencies of ecosystem response functions can be discerned.
Consistencies in forest ecosystem function?
It is useful to evaluate the consistency of forest functional parameters by foliage type (sensu Woodward et al. 2004 ), namely zonobiomes dominated by evergreen (see section 'Boreal and tropical evergreen forests') and deciduous species (see section 'Temperate deciduous versus tropical semi-deciduous forests'), including mixed-foliage systems. Ultimately, consistency of forest ecosystem function is evaluated at the global scale (see section 'Are forest CC-AP responses globally consistent?'). Large data sets on gross, net primary and net ecosystem production (GPP, NPP and NEP, respectively), together with evapotranspiration (ET) and productivity-related water-use efficiency (WUEp, cf. King et al. 2013b ), have become available over the past 20 years across zonobiomes (e.g., Falge et al. 2002a , 2002b , Luyssaert et al. 2007 , 2008 , Waring and Running 2009 , Schlesinger and Bernhardt 2013 . These data provide some support for the proposed rationale and assessment of CC-AP response consistency (Figure 1 ). The NEP/GPP of 22 forest ecosystems worldwide ( Figure 1A , adapted from Waring and Running 2009) in rank order indicates that 17 fall between 0.15 and 0.25, irrespective of foliage type and zonobiome; however, GPP alone does not rank consistently ( Figure 1B ). Ranking the annual transpiration/precipitation ratio of 30 forest ecosystems ( Figure 1C , adapted from Schlesinger and Bernhardt 2013) similarly yields low levels of variation (between 35 and 55%) in 21 cases, unexplained by precipitation (P in Figure 1D ). Twelve forest ecosystems differ in GPP/canopy transpiration (Ec) ratio ( Figure 1E) ; however, the exponentially declining trend suggests that high air humidity results in trade-offs. These patterns of ecosystem functional parameter ratios do not statistically preclude forest functioning from being consistent worldwide under CC-AP. These findings are consistent with Luyssaert et al. (2007) , who found that GPP rather than NPP and NEP universally benefits from high temperature and precipitation. Gross ecosystem productivity (GEP) appears sensitive to temperature rather than site water balance, in addition to GEP and ET consistently correlating worldwide across foliage types to irradiance and NEP (Law et al. 2002) . Falge et al. (2002a Falge et al. ( , 2002b suggested that deferred seasonal courses of GPP and respiration cause scatter in global NEP, acknowledging the importance (and poor understanding) of the belowground compartment in shaping ecosystem performance.
Nutritional commonalities Mineral nutrition is similar across tree species, as forests have generally evolved on marginal soils, particularly as regards N (Raven and Andrews 2010, Rennenberg and . Temperature and day length control nutritional storage and mobilization versus demand , and mobile storage through xylem-phloem cycling (Schulze et al. 1994) generally supplies immediate growth and defence demands (Geßler et al. 1998 , Herschbach et al. 2012a . Evergreenness implies N, sulphur and P storage mainly in ageing foliage, whereas deciduousness relies on storage in stem and root parenchyma, and excess RUBISCO (ribulose-1,5-bisphosphate carboxylase/oxygenase) in leaves Grelet 2010, Rennenberg et al. 2010) . Therefore, except for storage compartments, trees generally converge in nutritional needs.
Foliage type as a component of forest ecosystem functioning globally Here, we consider evergreenness and deciduousness Figure 1 . Comparisons across evergreen coniferous (green bars), deciduous broadleaf (blue bars) and tropical forests (red bars), regarding (A) NEP in proportion to GPP, with (B) corresponding absolute GPP (black bars), (C) canopy transpiration (Ec) in proportion to precipitation (P), with (D) corresponding absolute P (black bars), (E) GPP in proportion to ET. Each box plot shows median, lower (25%) and upper (75%) quartile along with minimum and maximum levels of the explored parameter as centre line, box and whiskers, respectively, i.e., box plot in (A) NEP/GPP, in (C) Ec/P, and in (E) GPP/ET. Data in (A, B) from Waring and Running (2009) and in (C-E) from Schlesinger and Bernhardt (2013). as functional whole-tree and ecosystem-level 'syndromes' in exploring CC-AP response consistencies (see de Deyn et al. 2008) . As evergreenness gave rise to deciduousness (Brentnall et al. 2005, Tabor and Poulsen 2008) , the latter was favoured during the Tertiary (Axelrod 1966 , Brentnall et al. 2005 when angiosperms from the tropics traversed moderately dry-warm winter and summer environments towards temperate cool-dry winter regions (cf. Utescher and Mosbrugger 2007) . Evergreenness generally combines leaf longevity (L) with low mass-related leaf N content and photosynthesis, but high leaf mass per unit area, in marked contrast to deciduous shortlivedness (e.g., the 'leaf economic spectrum', Matyssek 1986 , Wright et al. 2004 ). Low foliar P and respiration rate tend to promote L (Reich 2001) .
Therefore, leaf traits reconcile above-with belowground resource demands (Herschbach et al. 2012a , Franco et al. 2014 , and as both foliage types co-exist in many ecosystems, similar wholetree sink strength, apart from L-related differences in allocation, are likely (cf. . Therefore, differences in foliage type do not preclude consistency in CC-AP responsiveness, and ultimately, functional root/shoot equilibria are crucial to stress resilience (Mooney and Winner 1991) .
Zonobiomic trends The N/P ratio globally declines with latitude across plant species (Han et al. 2005) , given the deficiency of P and N in tropical and high-latitude soils, respectively (Elser et al. 2007 , Hedin et al. 2009 ). Fire and BNF together drive N and P re-supply in low-latitude ecosystems (Bond et al. 2005, Dijkstra and , flattening hemispheric N/P gradients. Globally, P availability stoichiometrically balances terrestrial C sink-source relations against anthropogenic and natural N supply (Dieleman et al. 2010 , Drake et al. 2011 ).
The tropics-determinant, but poorly understood The global net C sink is sensitive to the balance between deforestation and re-/afforestation at low latitudes (Pan et al. 2011) . Although CC impacts have been assessed in South-American Cerrado and tropical rain forests (e.g., Lewis et al. 2009 , Phillips et al. 2009 , Kozovits and Bustamante 2013 , Franco et al. 2014 , interrelated CC-AP field research has been rare (Calfapietra et al. 2010 . Therefore, understanding is limited of CC-AP responses of BNF of the nodulated tropical dendroflora (being up to 75% of tropical tree basal area), which is prone to forest conversion, and in resolving the tropical 'N paradox' of seemingly imbalanced N/P fluxes (Hedin et al. 2009 ). (Sub-)tropical forest biodiversity is high (Bovarnick et al. 2010 ), but declines under enhanced N deposition (Kozovits and Bustamante 2013) , while the stress-buffering capacities of tropical forest communities remain unclear (Weigel et al. 2015) . The effects of high insolation and abundant precursor release from land use (Matyssek et al. 2013c) on O 3 regimes in the tropics and impacts on non-urban vegetation are also poorly understood (Furlan et al. 2008 , Moura et al. 2014 .
Taken together, these findings provide further rationale for evaluating global consistency in tree and ecosystem responses to integrated CC-AP. Foliage type, as the foundation of the 'leaf economic spectrum', and of functional tree and ecosystem-level syndromes in resource flux control, may be useful in reconciling CC-AP stress responses.
Global comparisons of forest ecosystems under CC and AP impacts
Boreal and tropical evergreen forests Boreal conditions that extend across North America and Eurasia appear ecologically conducive to consistency in transcontinental CC-AP response pathways across the entire zonobiome, although its assessment is impeded by the prevalence of managed forests in Europe and scarcity of empirical data for Asia. Evidence is even less available from the more heterogeneous tropics regarding CC-AP impacts. Our evaluation of consistency in forest responses to CC-AP is thus challenged by the imbalanced and often coincidental availability of the empirical data needed across latitudes and zonobiomes.
Elevated CO 2 and O 3 Although elevated CO 2 fumigations (eCO 2 ) are lacking in North America on evergreen boreal forests (Hyvönen et al. 2007, Stinziano and Way 2014) , available evidence suggests that warming rather than CO 2 promotes stem productivity via lengthening growing seasons (Girardin et al. 2011 , Körner 2012 , which is consistent with European findings (Pretzsch et al. 2014b) . Notwithstanding, 9 years of free-air CO 2 enrichment (FACE) at the Swiss subalpine tree-line stimulated light-saturated photosynthesis ) and aboveground growth (Dawes et al. 2013 ) of young Pinus uncinata Ram., while soil CO 2 efflux persistently increased (Hagedorn et al. 2010 . In contrast to CO 2 , long-term O 3 fumigation experiments (eO 3 ) are not as common. Enhanced freeair O 3 exposure at Kranzberg Forest, Germany had very little effect on stem increment in Norway spruce ), but increased soil respiration and fine-root growth while altering mycorrhizal morphotypes , Agerer et al. 2012 . In North America, free-air O 3 fumigations are lacking in evergreen boreal forests and respective coniferous tree species, although macroscopic injury suggests some negative O 3 impact (Tkacz et al. 2008) . Responses of evergreen rainforest trees to eO 3 have not been assessed experimentally in situ, although O 3 levels are high in South America and Africa (Laakso et al. 2013 , Pacifico et al. 2015 , at concentrations conducive to potential damage (Furlan et al. 2008 , Rezende and Furlan 2009 , Bulbovas et al. 2010 ).
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Warming and nutrition Radial stem growth in boreal European forests is primarily limited by low summer temperature (Briffa et al. 1990 , Schweingruber et al. 1993 , Carrer and Urbinati 2004 , Oberhuber 2004 and is expected to benefit from warming. Strömgren and Linder (2002) showed soil warming combined with fertilization increased productivity in boreal Norway spruce, mediated through early snow melt and soil thawing (Berg and Linder 1999) . Conversely, Jyske et al. (2012) found soil frost and delayed soil thawing to have little effect on the timing of xylem formation. However, soil warming enhanced water use of tree-line Pinus cembra in the Central Tyrolean Alps by decreasing water viscosity and stimulating root production, overall reflecting increased hydraulic conductivity . As sites were moist, photosynthesis and stomatal regulation were unaffected, corroborated by unchanged 13 C/ 12 C ratios . Radial stem growth did not respond during this short-term study, but as in alpine ecosystems, warming effects commonly emerge after time lags (Danby and Hik 2007, Hagedorn et al. 2010) needed to override prewarming influences (Tranquillini 1979 . Soil warming can increase coarse root growth (P. uncinata, Dawes et al. 2013 ) and soil CO 2 efflux at alpine mountainous to treeline sites (Schindlbacher et al. 2009 , Hagedorn et al. 2010 , while leaving soil bacterial communities unchanged (Kuffner et al. 2012) . Whether evergreen or deciduous foliage type will benefit in seasonal C gain from lengthening growing seasons ( Figure 2 ) depends on additional factors, such as early or late frosts (Gu et al. 2008) , or suffer from potentially enhanced risks of herbivory and/or pathogen infestations. Boreal forests are N limited due to low soil organic matter (SOM) mineralization in cold soils, and hence, are sensitive to atmospheric N deposition (Magill et al. 2004, McNown and Sullivan 2013) , which has decreased across northeastern North America since 1998 (Houle et al. 2015) , although it is still high relative to preindustrial rates and is rising in many parts of the world (Bassirirad 2015) . Low N deposition affected Abies balsamea (L.) Mill. only under warming (D'Orangeville et al. 2014) . Nitrogen deposition was associated with canopy uptake (Houle et al. 2015) as a substantial pathway of N absorption.
Warming in the tropics has increased by about a decadal 0.26°C since the 1980s, and a further 2-4°C increase predicted by 2100 may substantially threaten rain forests, in particular, of mountainous regions (Williams et al. 2007 , Corlett 2011 . If water remains available, transpiration may limit injury through evaporative leaf cooling to below 40°C (Corlett 2011) . However, high night-time temperature may decrease NPP through enhanced respiration, and unless acclimation occurs, may eventually promote mortality via depletion of C reserves (Clark et al. 2010 , Slot et al. 2014 . Experimental branch-level warming (+2-3°C) on mature Amazonian evergreen trees, lianas and gap species caused photosynthetic decline (i.e., of the maximum net CO 2 uptake rate, area-related) with unchanged stomatal regulation of water loss (Doughty 2011) , suggesting that tropical plants apparently operate near temperature thresholds (Doughty and Goulden 2008) . Community structure is more likely to be affected in mountainous rather than lowland tropical and temperate forests (Sheldon et al. 2011) , as mist frequency will decline during lengthening dry seasons. These latter two forest types converge functionally as drought enhances the temperature sensitivity of NPP in both (Zhao and Running 2010) , although the extent of sensitivity enhancement has decreased since the mid-1990s. Vegetation greenness, a satellite-assessed remotely sensed index that increases with plant density, extent and canopy uniformity, was shown to decline with warming (Krishnaswamy et al. 2014) .
Tropical rain forests have faced increasing N and P deposition in recent decades (Okin et al. 2004 , Hietz et al. 2011 , perhaps supporting growth stimulation by eCO 2 (LeBauer and Treseder 2008, Cleveland et al. 2011) . Nevertheless, NPP did not increase in evergreen mature tropical forests , Alvarez-Clare et al. 2013 . Responses differed by tree age and functional group, with tall trees largely at risk of dieback (Alvarez-Clare et al. 2013) . In Panama, mature lowland rather than mountainous forests were co-limited by multiple nutrients (Fisher et al. 2013) , such as potassium in addition to N and P , differentially affecting species and tree sizes (Kaspari et al. 2008) . Fast-growing species from secondary successional communities responded most rapidly to changes in N and P supply (Mirmanto et al. 1999 , Davidson et al. 2004 , Siddique et al. 2010 ).
Warming, drought and flooding High-latitude warming may have tremendous effects on large C pools of boreal forests (Meehl et al. 2007 , Kaufman et al. 2009 ) through prolonged growing seasons and thawing of permafrost, unless precipitation becomes limiting. The Boreal Forest Warming Experiment with Picea mariana (Mill.) BSP (Canada, +5°C air/soil warming, Bronson et al. 2009 , van Herk et al. 2011 ) fostered early bud break and shoot growth. A +1.8°C air warming favoured Picea glauca (Moench) Voss. seedlings (Danby and Hik 2007) , suggesting altitudinal and latitudinal tree-line advancement. A +4°C soil warming in a mature A. balsamea stand increased SOM decomposition and fluxes of non-N cations, with equivocal effects on tree nutrition (D'Orangeville et al. 2014) . Grant et al. (2009) demonstrated that prolonged growing seasons increased NEP of boreal coniferous forest on moist sites. Mature Populus tremuloides Michx., P. mariana and Pinus banksiana Lamb. stands that were weak C sinks developed negative NEP due to strong respiration (Re) response to temperature increase (Griffis et al. 2003 , Kljun et al. 2006 . Warm early springs enhanced net ecosystem exchange (NEE) by increasing GPP (Welp et al. 2007 ). Permafrost sites tend towards negative NEP in warm years, as SOM decomposition advances downward in thawing soils (Goulden et al. 1998) . Rising soil temperature promotes productivity and aboveground C storage in P. mariana ecosystems (Kane and Vogel 2009) , unless compromised by drought (decreasing GPP) or deep-soil thawing (increasing Re). Since 1950, warming has ambiguously been reflected by stem growth of spruce species worldwide ('divergence problem', Lloyd and Bunn 2007, Williams et al. 2011) . Decline prevailed in P. glauca and P. mariana at the Alaskan tree-line (Beck et al. 2011 , Williams et al. 2011 , Walker and Johnstone 2014 , as warming-driven early-spring growth perhaps drained soil moisture, or vapour pressure deficit (VPD) increases induced stomatal closure. Hence, inhibition prevails towards southern, but stimulation towards northern range limits (Lloyd and Bunn 2007) . Warming with drought may promote boreal forest dieback (Peng et al. 2010) , and consequently, insect calamities and fire. Boreal forests have responded quickly to CC, often converting net C sinks to sources (Hayes et al. 2011) . Rain exclusion significantly reduced soil CO 2 efflux ) and decreased water consumption of Pinus sylvestris L., Picea abies (L.) Karst. and Larix decidua Mill. in inner-alpine Tyrol (Leo et al. 2014) , mediating early termination of aboveground growth Oberhuber 2013, Oberhuber et al. 2014) , unless plant-available water persisted after winter (Swidrak et al. 2013) .
Shortened but intensified rainy seasons, and prolonged dry seasons have become characteristic of the tropics worldwide (IPCC 2007 , Phillips et al. 2009 , with altered C and water fluxes as plant communities adjust (Nepstad et al. 2007 , AsefiNajafabady and Saatchi 2013). Evergreen trees appear susceptible to prolonged drought (Davidson et al. 2012, Kozovits and Bustamante 2013) . In the Amazonian Solimões River basin, temperatures in 2005 and 2010 were enhanced by 3-5°C and rainfall decreased by 70% relative to long-term averages (Phillips et al. 2009 , Lewis et al. 2011 . Drought reduced C stocks ( Figure 3 ) through declining NPP and tree death, yielding an atmospheric CO 2 peak in 2005. Similar C and tree population dynamics occurred in a long-term throughfall exclusion experiment (Nepstad et al. 2007 , Brando et al. 2008 . Mortality primarily increased among medium-sized and large trees, the loss of which was not compensated by new recruitment, while small trees tended to benefit (both subtropical evergreen broadleaved forest in China and temperate forests in Central Europe, Zang et al. 2011b , Zhou et al. 2013 ). Notwithstanding, sizerelated limitations in root-system water uptake and tree internal storage capacities may impose particular risks to small trees under high water demand (Niinemets 2010) . Tree death alters species composition, biodiversity and forest ecosystem functioning. Decreased water consumption and increased nutrient and light availability after tall-tree mortality facilitate growth of survivors during and after drought (Brando et al. 2008) . Some tropical rain forests in Africa and Latin-America exhibited increased tree density as drought-tolerant hardwood trees outcompeted softwood understory species (Feeley et al. 2011) . The characteristics of drought are crucial to ecosystem responses, i.e., occasional short-intense versus decadal-moderate regimes of water limitation (Nepstad et al. 2007 , Fauset et al. 2012 ).
Warming, drought, nutrition and AP Warming, drought, nutrition and AP enhance risk for insect herbivory (Lindroth 2010 , Anderegg et al. 2015 , Pureswaran et al. 2015 . Warming alters insect population dynamics through increased overwinter survival (e.g., of bark beetle), fire risk (facilitating hardwood 1980-1989, 1990-1994 and 1995-1999, Tree Physiology Online at http://www.treephys.oxfordjournals.org regeneration) or drought-induced defence (through foliar phenolics, Niemela et al. 2001) . Cumulatively, boreal spruce forests may change to deciduous angiosperm-dominated systems. In northwest Canada, outbreaks of mountain pine beetle (MPB, Dendroctonus ponderosae Hopkins) on Pinus contorta Dougl. ex. Loud. have increased along with C emissions due to chronic winter warming (Kurz et al. 2008 , Safranyik et al. 2010 . Pinus banksiana is also at risk (Safranyik et al. 2010) , and its range spans from western Canada to the Atlantic Ocean, potentially enabling MPB to drive climate forcing at a global scale. In eastern Canada, the spruce budworm (SBW; Choristoneura fumiferana Clem.) devastates P. mariana-A. balsamea forests (Zhang et al. 2014) , with moderately coldtolerant fir as primary and cold-tolerant spruce as secondary hosts (Pureswaran et al. 2015) . Thermophilic SBW is profiting from CC by expanding its range north, coincident with fir, gradually intermingling with the northern habitats of formerly cold-protected spruce forests.
Precipitation at high latitudes (King et al. 2013b ) will increase soil inundation in poorly drained coniferous wetlands (Hom 2003, Trettin and Jurgensen 2003) . Although P. mariana-Sphagnum and better-drained P. mariana-Ptilium systems possessed similar C stocks, slower decomposition allowed higher NEP in the latter (O'Connell et al. 2003) . Flooding of a boreal treed-bog/openbog/open-water peat-land ecosystem resulted in short-term C loss after rapid die-off of the trees (Asada et al. 2005) . Carbon dioxide and methane (CH 4 ) emissions from forested wetlands were driven by (partly recalcitrant) SOC with warming (Oelbermann and Schiff 2008) .
Temperate deciduous versus tropical semi-deciduous forests
The abundance of evidence on temperate deciduous forest responses to CC-AP is higher for North America compared with Europe, and lowest in Asia. Climate change-AP effects differ across tropical semi-deciduous forests worldwide, given the variety of factorial drivers and plant functional groups, and the scarcity of investigations (Buitenwerf et al. 2012 , Scheiter et al. 2015 . The vegetation comprises savannas (16 and 30% of terrestrial area and productivity, respectively) with mixtures of evergreen, deciduous and brevi-deciduous foliage types. Therefore, focus is needed to clarify mixed-foliage ecosystem N and P responsiveness to CC-AP (Bobbink et al. 2010) . Systems that experience recurring fire, often related to land-use change, have profoundly perturbed element cycles across edaphic, aquatic and atmospheric scales (Grace et al. 2006 , Bobbink et al. 2010 . Here, we assess the availability and quality of data on CC-AP impacts on temperate deciduous versus tropical semi-deciduous forests.
Elevated CO 2 and O 3 To investigate the effects of eCO 2 and eO 3 , FACE experiments (DeLucia et al. 1999) were conducted in the USA, namely Aspen FACE (Rhinelander, WI, aggrading Populus-Acer-Betula plantations, 12 years), ORNL FACE (Oak Ridge, TN, initially 10-year-old Liquidambar styraciflua L. plantation, 11 years, e.g., King et al. 2004 , Ainsworth and Long 2005 , Norby and Zak 2011 and Duke FACE (Durham, NC, initially 13-year-old Pinus taeda L. plantation, 15 years, e.g., Knepp et al. 2005) . Elevated CO 2 of~550 ppm at ORNL FACE initially increased photosynthesis and stand-level NPP relative to ambient CO 2 (Norby et al. 2002 , Sholtis et al. 2004 ), accelerating C cycling through foliage and fine-root pools rather than storage ). Eventually, soil N limitation reduced NPP stimulation (Norby et al. 2010) . Further, eCO 2 fostered stomatal closure and foliage senescence under drought (Warren et al. 2011) . Aspen FACE employed eCO 2 (550 ppm), eO 3 (60 ppb) and interacting eCO 2 /eO 3 . Initially, eCO 2 stimulated and eO 3 decreased stand-level productivity relative to the control (King et al. 2005) . Responses were shaped by tree genotype and the onset of competition with canopy closure, when stand-level water use and carbon gain were controlled by leaf area index (LAI) (Kubiske et al. 2007 , Uddling et al. 2008 ). Elevated CO 2 -driven NPP enhancement generally intensified fine-root production , as did eO 3 in aspen when growing together with birch. Soil respiration increased under eCO 2 and eO 3 , contrary to negative belowground eO 3 effects in previous open-top chamber studies (Andersen 2003) . Stimulation of belowground C cycling also occurred in adult Fagus sylvatica L. and P. abies trees in Europe under experimental free-air O 3 enhancement (see below). At Aspen FACE, NPP remained enhanced under eCO 2 for over a decade, sustained by high soil N cycling, but was unaffected by eO 3 in later years . Elevated CO 2 augmented the ecosystem C pool (Talhelm et al. 2014 ) in parallel to increasing the canopy-level N pool. Elevated O 3 decreased NPP early on (King et al. 2013a) , along with ecosystem C and canopy-level N pools. Ecosystem genotype structure was crucial for eCO 2 /eO 3 responsiveness. Historically, enhanced O 3 regimes appear to have decreased NPP and NEP of aggrading North American forest communities, counteracting CO 2 stimulation (King et al. 2013a ) and favouring O 3 -tolerant genotypes (Karnosky et al. 2003b) .
At Aspen FACE, eCO 2 up-regulated phenolics and flavonoids in aspen, as did eO 3 , enhancing insect defence, whereas eCO 2 /eO 3 had little effect (Karnosky et al. 2003a , Lindroth 2010 . Elevated CO 2 decreased abundance of phloem feeders while favouring leaf chewers, opposite to eO 3 (Hillstrom and Lindroth 2008) . Larval blotchminer development (Phyllonorycter tremuloidiella Braun) was unaffected and imagos were reduced under eCO 2 /eO 3 (Kopper and Lindroth 2003) . The interaction of eCO 2 /eO 3 frustrated prediction of insect-herbivore/parasitoid community responses (Hillstrom et al. 2014) , as feeding preferences (e.g., of Malacosoma disstria Hbn.) changed across tree genotypes or species (Holton et al. 2003 , Agrell et al. 2005 . Ultimately, insect-herbivore communities correlated with canopy NPP, strengthened by eCO 2 , but weakened by eO 3 (Lindroth 2010 , Meehan et al. 2014 ). Tissue quality varied under eCO 2 across 12 deciduous species at Duke FACE (Knepp et al. 2005) , decreasing leaf herbivory in Ulmus alata Michx., but not in Acer rubrum L. and L. styraciflua (Hamilton et al. 2004 ). Foliage produced under aCO 2 with low C/N and low phenolics, but high SLA, was conducive to insect herbivory (Knepp et al. 2007) .
In Europe, an 8-year FACE experiment (eCO 2 of 500 ppm) was conducted in the Swiss midlands in a natural species-rich forest with trees up to 35 m tall and~100 years old. Species composition was dominated by Fagus sylvatica, Quercus petraea (Matt.) Liebl., Carpinus betulus L. and six other, partly pioneer and coniferous species, including P. abies ('Swiss Canopy Crane Free-Air CO 2 Enrichment', Bader et al. 2013) . Radial stem growth, leaf traits, litter production and belowground dissolved organic carbon release were unchanged (although dissolved inorganic carbon (DIC) increased) in the hardwoods under eCO 2 , although tree water consumption declined. Soil water was thus conserved relative to the control, favouring nitrification and stand-level N saturation, while C limitation was absent (Schleppi et al. 2012) .
The early-successional tree species studied in FACE experiments in both the USA and Italy increased NPP under eCO 2 as long as LAI was low and could therefore respond (Norby et al. 2005) . Under canopy closure, stimulation depended on lightuse efficiency. At POP-EUROFACE, NPP stimulation of three poplar species under eCO 2 (550 ppm) gradually declined due to canopy closure rather than acclimation of photosynthesis . Soil C was enriched by new root litter at stable NEP, as old SOM declined (Gielen et al. 2005) . Mycorrhizal mycelia were the dominant pathway of C flux into SOM under eCO 2 (Godbold et al. 2006) . After coppicing, stool shoot number and LAI were stimulated by eCO 2 , although canopy productivity was unaffected (Liberloo et al. 2005) . The growth stimulation vanished, even though LAI and photosynthesis remained enhanced (Liberloo et al. 2007) , as the initial enhancement under eCO 2 gradually diluted whole-plant N (Calfapietra et al. 2010 , Dillen et al. 2010 . Overall, eCO 2 tends to differentially affect insensitive mature late-successional versus responsive early-successional species.
The only free-air canopy O 3 fumigation to have been done on mature trees of a climax species, up to 30 m tall and 60-70 years old, was conducted over 8 years in a mixed F. sylvatica/P. abies stand at Kranzberg Forest, Germany (Matyssek et al. 2007b (Matyssek et al. , 2010b . The in situ O 3 regime (1 × O 3 , control) was doubled throughout the growing seasons (2 × O 3 , 150 ppb maximum). Macroscopic leaf injury in beech was minor and was absent in spruce. Nevertheless, gene regulation and metabolism of both species differed under 2 × O 3 from the control, resembling regulatory 'noise' (Nunn et al. 2005 , Haberer et al. 2007 ). Photosynthesis declined and respiration increased, but both responses were minor (Kitao et al. 2009 (Kitao et al. , 2012 , and 2 × O 3 caused partial stomatal closure across leaf, branch and canopy levels . Instantaneous water-use efficiency (WUEi) was enhanced, parallel with decreased 13 C discrimination (Kitao et al. 2009 ). Increased stomatal closure was related to enhanced abscisic acid production and associated gene up-regulation (Winwood et al. 2007 ), but leaves still experienced increased influx of O 3 relative to the control . Additionally, annual stem productivity of beech decreased by 44% under 2 × O 3 (Wipfler et al. 2005 , and soil respiration around stems, fineroot productivity and mycorrhizal diversity all increased Kraigher 2007, Nikolova et al. 2010) . Collectively, these responses were interrelated through O 3 -induced phytohormonal interference, stimulating a strong belowground C sink by hindering belowground accumulation of cytokinins, thus 'releasing' fine-root production (Riefler et al. 2006 ). Thus, stem growth limitation resulted from a shift in C allocation to roots. The 2 × O 3 conditions did not inhibit spruce growth, although similar belowground effects (Nikolova et al. 2010) reflected an incipient shift in C allocation . Further, changes occurred in spruce ectomycorrhizal communities from 'medium' and 'long-distance' morphotypes towards those of 'short-distance' (Agerer et al. 2012) , possibly mitigating belowground competition. Findings from Aspen FACE were similar in that eO 3 stimulated fine-root production Talhelm 2013, King et al. 2013a) . The 2 × O 3 conditions also hardened beech leaves against the parasitic endophyte, Apiognomonia errabunda (Rob.) Hohn., at Kranzberg Forest , Olbrich et al. 2010 . Drought, however, overrode this hardening as well as stomatal and belowground O 3 effects , Nikolova et al. 2010 . Across Eurasia, consistent leaf-level responses occurred in maturing F. sylvatica and aggrading Fagus crenata Blume (Sapporo, Japan) under free-air O 3 fumigation; stomata partially closed under eO 3 with no change in photosynthesis (Hoshika et al. 2015) . Japanese beech lost transpirational control under fluctuating light (Hoshika et al. 2012) . Also, the earlysuccessional Betula platyphylla Suk. and Betula maximowicziana Regel. displayed similar early-season leaf gas exchange under free-air O 3 fumigation ). These results were consistent with European Betula pendula Roth assessed under chamber conditions that showed a decline, however, in photosynthetic water-use efficiency under eO 3 (Maurer et al. 1997 , Matyssek 2001 .
Only one study addressed tropical mixed-forest tree species under O 3 regimes in the field (Moura et al. 2014) , which showed little seasonal variation across the semi-deciduous Atlantic forest in Brazil. Maximum O 3 levels occurred during the rainy period of early summer, with O 3 exposure indices sufficiently high to cause leaf injury.
Ozone impact and N nutrition At Kranzberg Forest, massbased specific N uptake of beech and spruce was reduced under 2 × O 3 . In beech, newly incorporated foliage N correlated with seasonal transpiration, which decreased upon partial stomatal closure under 2 × O 3 (Kitao et al. 2009 . Beech manifested higher allocation of new N to fine roots and mycorrhizal root tips under 2 × O 3 compared with spruce, which showed a decline in allocation to these sinks (Weigt et al. 2015) .
Pan-European meta-analyses of N addition experiments and field observations of N deposition impacts on C sequestration showed increased foliage N, but did not elucidate whether high long-term N deposition in the past or O 3 -impeded retranslocation was the potential cause (de Vries et al. 2014) . The latter has been widely observed (e.g., Spence et al. 1990 , Matyssek et al. 1992 , also causing N reduction in roots and reproductive organs , Zhang et al. 2014 . Nitrogen nutrition seems to be less O 3 -sensitive in conifers, including Norway spruce, than in deciduous trees (Riikonen et al. 2012 . Ozone may affect ecosystem-level N cycling via elevated mobilization from leaf litter (Pereira et al. 2011 , Kou et al. 2014 ).
Nitrogen deposition Trees possess a dual strategy, similar across foliage types and zonobiomes, for coping with excess N nutrition: (i) N accumulation in biomass formation and storage and (ii) excess release into the atmosphere and hydrosphere (Rennenberg and Dannenmann 2016) . Capacity of both mechanisms is limited, however, and varies during ontogeny , Ding et al. 2012 , Ochoa-Huesco and Manrique 2014 . Nitrogen uptake from deposition is largely controlled by stomata and diffusive influx gradients (Gessler et al. 2000 (Gessler et al. , 2002 . Stomatal closure reduces influx, but limits GPP (Grulke et al. 2005) , whereas high stomatal conductance enables complementary N nutrition. The resulting N allocation away from root growth (Herschbach et al. 2012a (Herschbach et al. , 2012b pre-disposes plants to drought (Ding et al. 2012, Ochoa-Huesco and Manrique 2014) . Soil N uptake is root controlled (Rennenberg and Dannenmann 2016 ) through down-regulation of uptake kinetics and root growth responses counter to atmospheric N influx (Rennenberg et al. 1996 , Herschbach et al. 2012a .
The N saturation hypothesis was tested in the USA via 20-year fertilization of mature Pinus resinosa Ait. and mixed hardwoods forests , Tonitto et al. 2014 ). The pine stand manifested N saturation with decreasing C storage. The mixed forest increased storage mainly in the soil, as enhanced lignification slowed decomposition. In mature Acer saccharum Marsh. forests along a latitudinal gradient in Michigan (Burton et al. 1991 , fertilization increased aboveground NPP through changed C allocation , Talhelm et al. 2011 . Soil respiration decreased with increasing SOC storage (Entwistle et al. 2013 , Gan et al. 2013 cf. Lovett et al. 2013 , Fowler et al. 2015 . Boggs et al. (2005) found basal area increment (BAI) of A. saccharum to be linearly related to N deposition in the southeast US, while N 2 and N 2 O soil efflux correlated with nitrification (Morse et al. 2015) .
In Brazilian Cerrado, long-term N and P addition caused species diversity to decline (Jacobson et al. 2011 , Bustamante et al. 2012 , although decreased resorption during leaf senescence accelerated litter decomposition (Figure 4) . Both elements co-limited one another (Kozovits et al. 2007 , Jacobson et al. 2011 . Enhanced N and P availability increased tree water consumption (also at night) with enhancements in foliage area and stem hydraulic conductivity (Bucci et al. 2006) . Wood density declined while BAI increased under high N supply (Scholz et al. 2007 ). Invasion of highly productive alien grasses constrained tree seedling survival (Bustamante et al. 2012) .
In tropical forests, herbivory-related plant-to-soil N and P fluxes can be large enough that zonobiome-level disturbance by CC-AP can affect resource cycling in all biogeochemical compartments (Metcalfe et al. 2014) , notwithstanding local heterogeneity in N/P coupling (Hedin et al. 2009 ). Temperature and rainfall variation influences interrelationships between pollinators, parasites and tree reproduction (Krishnan et al. 2014) . During a severe El Niño drought, a Lepidoptera outbreak in a deciduous Panamanian forest increased tree injury by 250% (van Bael et al. 2004 ). Drought may lower parasitoid attraction (Stireman et al. 2005) , as observed from tropical central Brazil to temperate southern Canada. Combined drought-herbivory effects have been documented to jeopardize seedling survival in tropical forests (Bebber et al. 2002, Baltzer and Davies 2012) . Across warm temperate to tropical mangroves, long-term N and P fertilization did not affect folivory, tissue mining and yield loss in Rhizophora mangle (Feller et al. 2013) . In sub-mountainous tropical forest, conversely, N fertilization enhanced herbivory on palm seedlings, offsetting growth stimulation ). Nitrogen and P fertilization did not affect gall-inducing insect richness of Cerrado, but altered insect density (CuevasReyes et al. 2011).
Warming and drought Elevating air temperature by 4°C caused bud break to occur earlier and leaf abscission later in the growing season in A. rubrum L. and A. saccharum (Norby et al. 2003) , although the risk of late-spring and early-fall frost was enhanced. In mixed hardwood forests, seed germination and leaf flush seasonally advanced with a +2°C warming (Pennsylvania, Rollinson and Kaye 2012, Kaye and Wagner 2014) . Volder et al. (2013) found a +1.5°C warming and drought lasting 6 years decreased oak competitiveness in a Texas oak-savanna ecosystem. In Vermont, hardwood forests shifted north~100 m in 40 years (Breckage et al. 2008 ) with warming-driven lengthening of the growing season (Dragoni and Rahman 2012).
Withholding summer precipitation over 2 years in a mature mixed hardwood forest decreased soil respiration by 90% through heterotrophic decline (Borken et al. 2006) . Moderate spring drought decreased stand-level C accumulation by disrupting leaf expansion (Noormets et al. 2008) . Hoffman et al. (2011) found species with high wood density prone to embolism and dieback under drought, whereas low wood-density species relied on stomatal control and leaf area diminution. Mortality of P. tremuloides across the western US was related to hydraulic failure accumulating during decadal drought (Anderegg et al. 2013 (Anderegg et al. , 2014 . Species richness counteracted mortality and increased resilience (Klos et al. 2009 ), corroborating the idea that mixtures of sensitive and tolerant species increase capacity to buffer temperate forests against drought (Peters et al. 2015) .
Temperate deciduous forests generally occur at low to submontane altitudes, with 600 to >1000 mm of annual precipitation and 7-8°C mean air temperature (e.g., in central Europe, cf. Laetsch 1979) . Under these conditions, NPP is correlated almost linearly with the annual hyperbolic range of rainfall at a global scale (Reichle 1970) . If it experiences the predicted +2°C warming, this area may approach climatic conditions of the global savanna biome (Whittaker 1970 (Schär et al. 2004 ), when summer air temperature was up to 6°C higher and precipitation~50% lower than long-term means (Ciais et al. 2005 , Pretzsch et al. 2013a ). The dominant tree species F. sylvatica and P. abies decreased radial stem growth by 50%, whereas the thermophilic Q. petraea showed no consistent response (Zang et al. 2011a , Pretzsch et al. 2013a , Figure 5 ). Susceptibility was related to tree size (Zang et al. 2011b) , and the drought conspicuously restricted stem growth for up to 3 years after 2003 in all three species (Zang et al. 2011a) . Small oak trees recovered most rapidly (Zang et al. 2011b , but see Niinemets 2010). Drought stress was mitigated by tree species mixtures (see above), with beech profiting relative to neighbouring oaks. Drought may favour redistribution of soil water content between neighbouring tree species in temperate climates (Dawson 1993 , Allen et al. 2015 , which is being investigated through stand-level rain exclusion at Kranzberg Forest (beech-spruce mixture, Germany) with rain-controlled roof enclosures (Pretzsch et al. 2013a (Pretzsch et al. , 2014a . Such species-mixing phenomena occur worldwide (Grossiord et al. 2013 , He et al. 2013 ). Silvicultural species- Tree Physiology Online at http://www.treephys.oxfordjournals.org mixing across Poland, Germany and Switzerland suggests overyielding to be determined by limiting soil conditions rather than canopy-level light penetration (Pretzsch et al. 2013b) , according to the 'Stress-Gradient Hypothesis' (Callaway 2013 , He et al. 2013 ). Resource limitation is thought to gradually turn competition to facilitation between co-occurring species, given that resource use appears to become complementary (Pretzsch et al. 2010b , del Rio et al. 2014 .
Under the historically humid climate, forest development in central Europe appears to have accelerated since 1870 (Pretzsch et al. 2014b) . Tree and stand volume growth, and accumulated biomass, have increased 77, 30 and 7%, respectively, since 1960, with no change in stand allometry (Figure 6 ). Therefore, in stands of similar age, stand density (trees ha ) is lower than in the past, as biomass turnover has increased, so that the same forests today have higher mass (Pretzsch et al. 2014b (Pretzsch et al. , 2014c . This has been ascribed to enhanced long-term N deposition in the past, in parallel to the lengthening of growing seasons with climate warming.
A seasonal mixed-foliage forest in Thailand displayed a distinct temperature signal on long-term tree ring growth (Vlam et al. 2014) . Radial increment was negatively correlated to currentyear wet-season maximum temperature, possibly due to higher respiration, and weakly correlated to dry-season rainfall that supported canopy leaf flush. Water availability, however, seemed to be a major driver defining responses and spatial distribution of tree functional groups (of differing phenology) to CC, both in dry seasonal forests of Mexico (Méndez-Alonzo et al. 2013 ) and in wet tropical semi-deciduous forests of central Africa (Ouédraogo et al. 2013 ). In the latter, growth of fast-growing, shade-intolerant deciduous trees was particularly prone to drought (Ouédraogo et al. 2013) . In Ghana, chronic rainfall reduction increased the occurrence of drought deciduousness (Fauset et al. 2012) .
What happens if drought occurs during seasons other than those trees are adapted to? In Costa Rica, the El Niño of 1997, followed by La-Niña, caused a severe 10-week drought in the beginning of the rainy season followed by a 72-mm rainfall event in the middle of the dry season. Different physiological responses were illicited across phenologically contrasting functional groups in a semi-deciduous forest (Borchert et al. 2002) . Deciduous trees were most sensitive, drastically reducing predawn stem water potential, but retaining young leaves even though wilted. Lifespan of first and second flush leaves was decreased by drought up to 4 months in all functional groups. Dry-season rainfall triggered bud break after defoliation, except in stem-succulent deciduous trees. Unfortunately, the impacts of these short-term changes on long-term population dynamics and species composition were not evaluated.
Warming, water relations and nutrition Evidence on the effects of warming during drying-re-wetting cycles on tree mineral nutrition is scarce (Hu et al. 2013 (Hu et al. , 2015 . Warming in the temperate zonobiome stimulated microbial mineralization and increased N and P availabilities (Gessler et al. 2005) , enhancing whole-tree N content (Riikonen et al. 2012 ) and tree-level partitioning (Du et al. 2014 ). However, microbial activity is generally depressed by drought Papen 1999, Godde and Conrad 2000) . In a space-for-time study on south-aspect slopes, which are warmer and drier in the Northern hemisphere, warming/drought caused ammonia oxidizing bacteria and nitrification to decline, hindering beech establishment . Conversely, accelerated nitrification and denitrification may open typically closed N cycling, increasing N loss (Robertson and Klemedtsson 1996) and deficiency on poor soils (Rennenberg et al. 2009 ).
Increasing temperature in forest gaps drives microbial N turnover (Rennenberg et al. 2006 ) and emission of greenhouse gases, while inorganic soil N accumulates (Wang et al. 2012, Figure 5 . Annual BAI of Norway spruce (n = 143), European beech (n = 287) and sessile oak (n = 129) in pure and mixed stands of southern Germany from the mid-1950s through 2010 (as means ± SD). From each tree, two cores were taken for individual BAI assessment. Note strong growth reductions in spruce and beech rather than oak during drought years 1976 and 2003 (from Pretzsch et al. 2013a ).
Tree Physiology Volume 37, 2017 McDaniel et al. 2014 , Wu et al. 2015 , increasing N leaching Vesterdal 2006, Lin et al. 2015) . Enhanced ET in (warmed) gaps decreased soil water availability and tree N uptake (Fotelli et al. 2005 , Gessler et al. 2005 ), contributing to foliar N dilution (Merino et al. 2008 ). On the other hand, drought may cause soil microbial dieback, decreasing competition for nutrients (Schimel et al. 2007) and enhancing N availability to roots ) unless also injured by chronic water shortage (Gessler et al. 2005, Kreuzwieser and Gessler 2010) . Nutrient pools can decline under drought if reductions in acquisition balance growth responses (Kreuzwieser and Gessler 2010) . The co-occurring impacts of warming and drought require careful consideration in assessing effects on N relations.
In forested wetlands of the Baltics, Fennoscandia and eastAsia, CC-enhanced summer precipitation (IPCC 2014) may increase risk of flooding/waterlogging, CH 4 release (von Arnold et al. 2005) and nutritional limitation by nitrate and sulphate, and surplus ammonium and hydrogen sulphide (Kreuzwieser and Gessler 2010 , Noe et al. 2013 . Nutrient uptake and assimilation may be down-regulated under anoxia, even though carbohydrate turnover may be enhanced. According to Kreuzwieser and Gessler (2010) , tolerant trees prevent dieback by fostering C allocation to roots. During non-flooded periods, soil respiration enhances C emissions (e.g., Miao et al. 2013) as SOC is mineralized (Noormets et al. 2010 ). Ecosystem physiography is crucial for C cycling along coastal and river flood plains where forest dieback is already occurring due to sea-level rise (Riggs and Ames 2003) . Shifts in community composition towards flood-tolerant species are expected (de Jager et al. 2013 , Conner et al. 2014 .
Enhanced precipitation will increase air humidity, which is being explored in Estonia by 'free-air humidity manipulation' on B. pendula and Populus tremula × tremuloides (Kupper et al. 2011) . Soil respiration initially decreased, although microbial respiration was stimulated under birch, enhancing belowground productivity (Kukumägi et al. 2014) . Newly formed ectomycorrhizal roots displayed decreased specific length, as hydrophilic fungi were favoured as colonizers (Parts et al. 2013) . In both tree species, aboveground growth declined, either permanently (aspen) or transiently (birch) prior to acclimation (Rosenvald et al. 2014) . Growth inhibition may be a consequence of CC in humid climates if decreased ET enhances soil wetting and anoxia.
Climate change associated with land-use change Climate change associated with land-use change spans the tropical zonobiome. In Australia, drought provoked extensive tree dieback in xeric savannas across foliage types, arresting a long period of savanna expansion (Fensham et al. 2009 ). In mesic ', respectively) over stand age (years). Below, from left to right: accelerated decrease of tree number over age (originally 'ha
', years, respectively); upwards shift of the allometric relationship between tree volume growth and tree volume (originally 'm 3 yr −1 ', 'm 3 ', respectively); upwards shift of the self-thinning line and accelerated passing of stands along the tree number-tree size trajectory (independent and dependent variable logarithmically transformed); dark green 1900 until 1960, light green 1960 until present (see Pretzsch et al. 2014c 
for details).
Tree Physiology Online at http://www.treephys.oxfordjournals.org savannas, deep-rooted trees able to cope with variable rainfall benefited from increased atmospheric CO 2 (Buitenwerf et al. 2012 , Franco et al. 2014 ). In systems with recurring fire, which often accompanies land-use change, CC may enhance tree survival by accelerating height growth through the 'top-kill' zone (Hoffmann et al. 2009 , Levick et al. 2015 , increasing tree competitiveness. In a mesic South-African savanna, tree density tripled as growth acceleration enabled fire-trap heights to be surpassed quickly (Buitenwerf et al. 2012) . In a long-term savannamonitoring study across Africa, Australia and South America, Lehmann et al. (2014) found that tree BAI strongly depended on temperature, soil fertility and growth morphology, but was also limited by water availability and fire, complicating prediction of savanna responses to CC (Lehmann et al. 2014) . Understanding the interaction of CC and land use is a pressing need for future research.
Conclusions and perspectives

Are forest CC-AP responses globally consistent?
This analysis has shown that data on forest ecosystem responsiveness to CC-AP are highly fragmented, both within and between zonobiomes (availability rank: North America > Europe > Asia, and Northern > Southern hemispheres). Therefore, the ability to make direct and comprehensive comparisons is limited within and between foliage types across zonobiomes and at a global scale. However, the data are sufficient to discern what appear to be overarching response patterns illuminating hypotheses of generalizable forest responses to warming and drought, eCO 2 and eO 3 , nutrition and herbivory.
Warming and drought Warming tends to be more influential on trees and forests than CO 2 increase, releasing boreal and highaltitude systems from temperature limitation, whereas growth acclimation to increasing temperature appears to be near the limit in tropical systems. Trade-offs between substrate depletion at night through dark respiration versus fixation by photosynthesis will become increasingly important. Warming affects functional biodiversity, with highest impacts on mountainous rather than lowland tropical and temperate forests. In the latter, warming may contribute to accelerated stand productivity, although collateral abiotic and biotic risks (such as drought and pests) may be enhanced. Notwithstanding, temperature sensitivity has declined across zonobiomes since the late 20th century, perhaps reflecting worldwide acclimation. Drought tends to enhance temperature sensitivity of NPP in a negative way across zonobiomes. Warming-driven insect herbivory may be favoured by stand-level N saturation and modified by alteration of plant C/N under eCO 2 .
Vulnerability to drought is related to tree size and species composition, as high diversity mitigates mortality and increases ecosystem resilience. Large trees are vulnerable, particularly in temperate and tropical mixed-foliage and evergreen broadleaf forests, but so too are small ones due to limitations in storage and rooting. Over-yielding of mixed-species forests appears to be a global phenomenon under water limitation. In tropical savannas worldwide, the effects of warming and precipitation change are barely detectable, although high wet-season temperature curtails growth through increased respiration, whereas dry-season rainfall may result in phenologically out-of-phase leaf flushing. Tropical evergreen trees are also susceptible to drought. In contrast, anoxia due to waterlogging/flooding of soil consistently inhibits NPP, increasing C flux below-and CH 4 release aboveground, converting soils into C sources during dry periods.
Elevated CO 2 and O 3 Antagonistic effects of eCO 2 and eO 3 on forest tree physiology appear universal, although knowledge is scarce about non-urban tropical environments, where O 3 effects may be severe. Genotype-specific sensitivities within plant communities are crucial to ecosystem responsiveness, along with effects of competitors and consumers. Nevertheless, both eCO 2 and eO 3 increased fine-root production and soil respiration while substantially affecting soil biota in northern hemisphere field experiments. Canopy NPP controls insect-herbivore communities, generally enhanced by eCO 2 and mitigated by eO 3 , with parasitoid responses remaining unclear.
Notwithstanding herbivory effects, LAI determines stand-level water use and C gain under eCO 2 , while growth stimulation, if maintained, relates to increased light-use efficiency rather than acclimation in photosynthetic capacity. Leaf area index stimulation diminishes over time, accompanied by declining water consumption, although eCO 2 tends to differentially affect responsive aggrading early-successional versus less-sensitive maturing late-successional trees. Even in the absence of aboveground eCO 2 effects, DIC flux can be enhanced. The ecosystem C pool can increase if the canopy-level N pool increases in parallel, whereas eO 3 may diminish both.
Phytohormone-driven changes in allocation due to eO 3 may be substantial in mature trees, but with minor effects on photosynthesis and respiration, and enhanced WUEi from (partial) stomatal closure. This review has revealed that leaf-level and whole-tree responses are largely consistent across North American and Eurasian tree species under free-air O 3 fumigation, irrespective of foliage type. Elevated O 3 may harden trees against pathogens, with late-rather than early-season leaves being the most O 3 sensitive, although drought may override O 3 effects. Nitrogen nutrition is O 3 sensitive in deciduous broadleaf trees, but less so in evergreen conifers.
Nutrition and herbivory The pathways by which warming, drought and flooding/waterlogging affect the rhizosphere are associated with common nutritional stand-level impacts across foliage types and zonobiomes. However, nutrient cycling responses may differ during periods of intense foliage production in deciduous compared with evergreen systems. In the Tree Physiology Volume 37, 2017 tropics, cycling can be reinforced by BNF, although the proportion of nodulated trees is variable. In these ecosystems, P availability is crucial to energy-transduction reactions that sustain BNF, controlling N/P flux coupling. As forests evolved worldwide on N-poor soils, they can cope with natural N oversupply, such as due to fire, but have less capacity to process anthropogenic-N deposition. Nitrogen saturation creates environmentally adverse 'excess flow' pathways, below-and aboveground. Post-fire effects on nutrition, however, differ in temperate and tropical soils because of the contrasting N and P availabilities. This review has revealed that our knowledge of CC-AP sensitivities of N and P cycling in savannas is insufficient.
Climate change promotes insect herbivory worldwide via warming, nutrition, drought, AP and altered parasitoid behaviour, although it can be modified by biome-specific biocoenoses and forage qualities. Extreme complexity of trophic interactions, however, impedes mechanistic understanding of CC-AP-mediated insect herbivory, although in the tropics herbivory-related N and P fluxes are high, reaching global biogeochemical significance.
Outcome from consistency evaluation Rigorous evaluation is currently limited by the fragmentary nature of the available data, although consistencies are apparent in CC-AP responses across zonobiomes and foliage types. Further empirical investigation is needed to consolidate our knowledge. Therefore, based on the current review, it is imperative to more concretely conceptualize the gaps in knowledge and important questions still limiting understanding of global forest responses to interacting CC-AP. This will guide development of new, coordinated research platforms to provide the needed predictive capacity to manage forest resources productively and sustainably.
Where does this consistency evaluation lead?
This analysis has suffered most from regional imbalances of empirical research, because the availability of data on forest ecosystem response to CC-AP is very unevenly distributed across zonobiomes. This imbalance needs to be overcome, necessitating the development of overarching research questions and hypotheses, standardization of study designs and methodologies, and creation of databases readily available for data storage, processing and retrieval by the global research community. The building and coordination of global research networks is hereby indicated. Findings from the current review on the state of knowledge of global forest response to CC-AP must now guide the development of the most pressing research questions and identify the greatest data gaps to guide future global standardized research. In view of ecological complexity, the research network needs to be broken down into empirically workable factorial sub-units (zu Castell et al. 2016) . Although it is not possible to represent all ecosystems and all CC-AP scenarios, agreement should be achieved on a number of experimental focal areas that permit conceptual and methodological comparability. The focal areas may then be combined as 'research modules' to varying extents for specific purposes, as required and feasible in particular zonobiomes. In this way, we propose the following research modules, extending previous considerations put forth by de Vries et al. (2007 ), Hedin et al. (2009 ), Fowler et al. (2009 ), Mikkelsen et al. (2011 ), Sajjad et al. (2010 , Matyssek et al. (2012a) and Paoletti et al. (2013) , towards creating empirical grounds for mechanistic large-scale and long-term modelling and validation.
Research module #1 Understanding and quantification of C budgets of forest ecosystems has remained a challenge irrespective of zonobiome, while the need is evident in view of radiative forcing by CO 2 . The challenge in part arises from the variability in the annual C sink strength and storage capacities of forests related to weather conditions and management practices, and additionally on trends in atmospheric CO 2 and O 3 enhancements, N deposition, warming, land use and water availability. Comprehensive spatiotemporal coverage requires long-term assessments through monitoring of key components in forest C budgets over decades, whereas pathways of annual fluctuations are to be accessed through manipulative experimentation. Longterm monitoring forest plots have been established in many forest ecosystems, although they are unevenly distributed across continents, they are sometimes organized within global networks (e.g., FLUXNET). However, experimental approaches in the same forests must consolidate the mechanistic basis for understanding short-term dynamics and long-term trends. Small annual changes of large variable C pools in soils require extended study periods (de Vries et al. 2009 ). Notwithstanding, the experimental component of forest monitoring programmes is largely missing, in particular, in view of extended time scales.
The technological tools for large-scale experimentation are available in the way of free-air fumigation for enhancing CO 2 regimes and its inhibitory counterpart, O 3 . Free-air fumigation now needs to approach the ecosystem level, comprising treatment areas at the hectare scale. Dimensions of this kind cannot be operated with the conventional circular free-air fumigation systems, although such systems have provided intitial insights into understanding of O 3 action in woody plants . However, variants with stand-level grids of vertically suspended, canopy-traversing fumigation tubes, developed at Kranzberg Forest for both O 3 and CO 2 fumigations , Nunn et al. 2002 , Grams et al. 2012 , offer a starting point, as physical extensions are feasible without spatial restriction.
In this setting, the crucial components of forest-level C budgets are accessible, including those typically neglected in field studies, such as liquid-phase leaching of dissolved inorganic and organic C, and air-borne below-and aboveground releases of VOCs and CH 4 . Quantifying above-and belowground processes with minimal artifacts is crucial in view of the long-term C storage
Tree Physiology Online at http://www.treephys.oxfordjournals.org in soils. Although forests can be atmospheric sources or sinks of CH 4 , understanding the role of soil type is currently limited (Mikkelsen et al. 2011) , even though the role of CH 4 within the C budget of upland forests appears to be minor (Le Mer and Roger 2001) .
Research module #2 C budgets cannot be interpreted without understanding N cycling at the ecosystem level, as both are interrelated through primary productivity and decomposition processes (Galloway et al. 2003 , Sutton et al. 2011 ). The action of N can be both positive and negative, being a fertilizer that mitigates warming by strengthening the fertilizing effect of CO 2 and perhaps as a defence against O 3 , while stimulating climateeffective N 2 O flux, soil acidification and nutrient leaching. Therefore, comprehensive N budgets need to be quantified along with C (de Vries et al. 2007) . Components of N budgeting, aside from N 2 O, are fluxes by wet and dry deposition of NH 3 and NOx (and their effluxes back to atmosphere), BNF, plant N incorporation, as well as N immobilization and turnover in soils, N 2 release from denitrification and N losses via leaching and run-off. Understanding of BNF responses is currently limited, especially for the tropics ('N paradox', cf. Hedin et al. 2009 ), and must be overcome through integrated studies of P availability and turnover. Data on N immobilization and storage must be derived from repeated N and C inventories of soils and trees under long-term monitoring, and minor annual fluctuations need to be resolved against large background levels and spatiotemporal variability that thus far have blurred long-term trends (de Vries et al. 2009 ). Such N budgeting should be implemented in experiments suggested under module #1, although thorough assessment per se will be valuable for consolidating mechanistic risk analyses under CC-AP conditions.
Research module #3 Enhanced ground-level O 3 regimes may be regarded as antagonists of stimulatory CO 2 and N effects, so that free-air experimentation is suggested to be integrated in modules #1 and/or #2. Ozone affects many sinks within plantsoil systems before decomposing to reactive oxygen species or O 2 (Fowler et al. 2009 ). Such processes imply interactions with biogenic volatile organic compounds (BVOCs) released from vegetation and soil, so that near-surface O 3 scenarios are challenging to interpret. Ecosystem-scale free-air O 3 fumigations of forest canopies not only facilitate the analysis of treeecophysiological processes sensu stricto, but also disentangle canopy-level pathways of O 3 deposition by combining eddy covariance and sap-flow techniques (Gerosa et al. 2007 , Nunn et al. 2010 , Cieslik et al. 2013 ). Ozone assessment is intrinsically related to ecosystem hydrology (module #4, see below) and to N budgeting, given rapid, but poorly understood O 3 -NOx interactions (including NO efflux from vegetation, cf. Dorsey et al. 2004 ) within the canopy air space and, in particular, along the vertical dimension. The role of BVOCs in non-stomatal O 3 deposition and decomposition within canopy boundaries requires clarification (Goldstein et al. 2004 , Fowler et al. 2009 ).
Research module #4 Forest ecosystem-level water relations unify the research questions of the preceding modules, as water and nutrient fluxes are strongly linked synthetically, controlling C sink strength and storage in the tree-soil system, and affecting stomatal regulation and canopy water use. Gas exchange responses are crucial for AP uptake, as ground-level O 3 enters the plant through the stomatal pathway. How ecosystem water relations will change under CC-AP is difficult to generalize, as air pollutants such as O 3 directly affect stomatal regulation, and depending on region or zonobiome, limitation or surplus of water is predicted (Huntington 2010) : water limitation may mitigate stomatal pollutant influx, whereas water surplus could have the opposite effect. The challenge in consolidating knowledge on soil water and air humidity lies in the intrinsic interaction of hydrological processes across the soil-plant-atmosphere continuum. According to Paoletti et al. (2013) and Raspe et al. (2010) , the crucial components in ecosystem water budgeting that need to be quantitatively assessed are precipitation (including intensity and run-off), air and soil temperature, insolation and wind regime. In addition, soil hydraulic conductivity and other physico-chemical properties are required (including evaporation, VPD and plant-available water-holding capacity). Important plant components include LAI, interception and (evapo)transpiration.
Research integration These research modules have merit individually, if conducted consistently across zonobiomes; however, integration across research modules will bring greater understanding. Added value may be gained through hydrological manipulation, e.g., rain or throughfall exclusion experiments (by means of automated roof closure, Pretzsch et al. 2014a Pretzsch et al. , 2014b Pretzsch et al. , 2014c , irrigation treatments or free-air humidification (Kupper et al. 2011) , including experimental soil and air warming, although manipulation at the ecosystem level is always a challenge in view of minimizing artifacts. In this context, heat flux through the soil is crucial, given that~50% of belowground heat flux is mediated through liquid water and convection (Cahill and Parlange 1998) , beyond effects generally considered as heat conduction (Fan et al. 2011) . Small-scale soil heterogeneity requires particular attention in assessments at the ecosystem level. Remote sensing may offer an independent approach for integrating and validating empirical ecosystem-level research on water budgeting (Sajjad et al. 2010) , allowing harmonization of different methodologies and scales. In all cases, long-term assessments are indispensible in view of the complex and variable hydrological forest ecosystem-climate interactions.
It is evident that the tasks to be resolved in each of the four modules are inherently linked, suggesting an integrated holistic research approach to investigation of CC-AP scenarios. Aspects of herbivory and pathogeneity may be assessed through comparing naturally occurring infestations between experimental treatments. Given this holistic view, according to Matyssek et al. (2012a Matyssek et al. ( , 2012b and Paoletti et al. (2013) , general needs of future CC-AP research include:
G addressing links between monitoring of atmospheric changes and experimental cause-effect elucidation of impacts on ecosystems; G intensifying manipulative experimentation in forest ecosystems inspired by pressing CC-AP questions and data gaps; G extending research concepts to long time scales; G enhancing attention to fluxes of other climate-effective gases besides CO 2 ; G fostering research on O 3 regimes and their flux-based effects on trees and forest ecosystems.
Conceptual outlook
Given the strong factorial interrelationships between the four suggested research modules, outcomes will be case specific, given the conspicuous response plasticities and resulting non-linearities in tree and ecosystem processes (Matyssek et al. 2012b ). Biological plasticity is an evolutionary stronghold, requiring deliberate focus to clarify CC-AP impacts on plants for resolving seemingly contradictory responses (Matyssek et al. 2012b ). Current research is predominantly inspired by reductionist rationales, which is justified, as ecological interpretation requires mechanistic explanation, provided the systemic perspective does not fall short. At this stage, reductionism may attain its role, but is not of value per se within the postulated research. The systemic perspective is to be set conceptually into balance and strengthened in future research. To this end, responses of ecosystem key parameters, such as GPP, NPP, Re, NEE, NEP, ET, nutrient turnover and other related resource fluxes and budgets, to CC-AP stress are to be traced to causative ecosystem components. Reconciling systemic and reductionist approaches is necessary, as tree and ecosystem responses to stress are shaped by networks of biotic interactions (Matyssek et al. 2012b (Matyssek et al. , 2013a (Matyssek et al. , 2013b (Matyssek et al. , 2013c . In these terms, any ecosystem is unique and requires holobiontic research concepts (zu Castell et al. 2016 ). This postulation is in line with timely consideration of science theory in the field of ecological research (Lüttge 2012) .
Diverse forest ecosystems need to be assessed worldwide, as separate case studies through the suggested research modules, covering region-specific ecosystems under prevalent CC-AP stress, employing harmonized research concepts. Outcomes can be analysed for common underlying response patterns, as relevant biostatistical tools are now available (zu Castell et al. 2012 (zu Castell et al. , 2016 . Specifically, (i) experimentation needs to become conceptually interwoven with large-scale, long-term monitoring and modelling at the same forest sites; (ii) research on CC and AP effects on forest ecosystems needs to be unified globally and across zonobiomes, so that global resource flux modelling and budgeting can be based on independent empirical data sets for parameterization and validation; (iii) interrelated feedbacks between CC, AP and forest response need to be clarified mechanistically to develop management practices against CC-AP stress; (iv) systemic and reductionist approaches must converge for holistic understanding of non-linearities in ecosystem-level response plasticity; (v) diverse yet representative ecosystem case studies are conducted worldwide under prevalent CC-AP scenarios and explored for overarching response patterns; ecosystems are regarded representative, if formative within landscapes or zonobiomes in ecological and/or socio-economic terms. Several ecosystems might be studied within zonobiomes, comprising transitions from closed-canopy forests to savanna-type vegetation; (vi) globally designed collaboration and coordination is needed to harmonize experimental hypotheses, methodologies and infrastructures.
Existing research networks are not sufficiently comprehensive in geographic coverage or uniformity of methodology to serve globalscale integration of CC-AP research , supporting advancement of a 'Supersite Initiative for Forest Research' (Fischer et al. 2011 , Matyssek et al. 2012a , Paoletti et al. 2013 , 2013c cf. Sicard et al. 2016) . Informed evaluation must eventually meet the postulation posed by this review in a consolidated and rigorous way. 
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